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Caenorhabditis elegans PEB-1 is a novel DNA-binding protein expressed in most pharyngeal cell types and outside the pharynx in the
hypodermis, hindgut, and vulva. Previous RNAi analyses indicated that PEB-1 is required for normal morphology of these tissues and
growth; however, the peb-1 null phenotype was unknown. Here we describe the deletion mutant peb-1(cu9) that not only exhibits the
morphological defects observed in peb-1(RNAi) animals, but also results in penetrant larval lethality characterized by defects in pharyngeal
function and molting. Consistent with a function in molting, we found that PEB-1 was detectable in all hypodermal and hindgut cells
underlying the cuticle. Comparison to molting-defective lrp-1(ku156) mutants revealed that the peb-1(cu9) mutants were particularly
defective in shedding the pharyngeal cuticle, and this defect likely contributed to feeding defects and lethality. Most markers of pharyngeal
cell differentiation examined were expressed normally in peb-1(cu9) mutants; however, g1 gland cell expression of a kel-1Dgfp reporter was
reduced. As g1 gland cells have prominent functions during molting, we suggest defective gland cell differentiation contributes to peb-1(cu9)
molting defects. In comparison, other peb-1 mutant phenotypes, including hindgut abnormalities, appeared independent of the molting
defect. Similar phenotypes resulted from late loss of pha-4 function, suggesting that PEB-1 and PHA-4 have common functions in some
tissues where they are co-expressed.
D 2004 Elsevier Inc. All rights reserved.
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Many animals undergo periodic molts of an external
cuticle to allow growth during larval development, and the
Ecdysozoa theory proposes molting is a primary character-
istic that defines phylogenetically related species (Agui-
naldo et al., 1997). The molecular basis of molting is best
characterized in insects, where this process is regulated by
the steroid hormone 20-hydroxyecdysone, which binds a
heterodimer of the nuclear hormone receptor subunits EcR
and Ultraspiracle, and regulates a broad transcriptional0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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Thummel, 1996).
The nematode Caenorhabditis elegans is covered by an
extracellular cuticle that provides a barrier between the
animal and the environment, and is essential for morphol-
ogy and movement (reviewed in Johnstone, 2000; Kramer,
1997). The cuticle is continuous over the exterior of the
body of the animal and lines the lumen of openings to the
interior of the worm, including the pharynx, rectum, vulva,
and excretory duct (White, 1988). The cuticle is largely
composed of small collagen-like proteins and noncollage-
nous cuticulins and is synthesized by underlying epithelia,
including the exterior hypodermal cells and, in the pharynx,
the muscles, marginal cells, and epithelial cells. Cuticle
collagen genes are highly regulated temporally and
spatially, and larval stage cuticles differ from each other276 (2004) 352–366
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composition.
Like all nematodes, C. elegans molts its cuticle at the end
of each of four larval stages (Singh and Sulston, 1978). Each
molt is preceded by synthesis of a new cuticle on the surface
of the hypodermis, such that molting exposes the newly
assembled cuticle. Molting defects are observed when
activity of a variety of nuclear hormone receptors or
proteins involved in sterol uptake or metabolism is reduced
(Asahina et al., 2000; Gissendanner and Sluder, 2000;
Gissendanner et al., 2004; Jia et al., 2002; Kostrouchova et
al., 1998, 2001; Kuervers et al., 2003; Yochem et al., 1999),
and C. elegans molting is believed to be regulated by steroid
hormones (reviewed in Kurzchalia and Ward, 2003;
Thummel, 2001). However, a specific hormone regulating
C. elegans molting has not been identified, and orthologs of
the Drosophila ecdysone receptor subunits EcR and Ultra-
spiracle are not found in C. elegans (Sluder and Maina,
2001).
The C. elegans pharynx is a complex feeding organ
located at the anterior of the digestive system (Albertson and
Thomson, 1976), and pharyngeal muscle contractions and
gland cell secretions play a crucial role in molting (Singh
and Sulston, 1978). Molting begins as a loosening of the
cuticle initially near the pharynx and later near the rectum,
and subsequently the animal undergoes a series of flips
believed to loosen the body cuticle (Singh and Sulston,
1978). Shortly before breaking out of the cuticle (ecdysis),
the pharynx spasmodically contracts and the pharyngeal g1
gland cells become highly active to further loosen the
pharyngeal cuticle and break it into pieces (Singh and
Sulston, 1978; Wright and Thomson, 1981). The anterior
portion of the pharyngeal cuticle is expelled as a rod that
remains attached to the body cuticle, while the posterior
portion is degraded and ingested by action of the posterior
pharynx (Albertson and Thomson, 1976). Once free of the
pharyngeal cuticle, the animal escapes the body cuticle and
resumes feeding. Because incomplete molting of the
pharyngeal cuticle can obstruct the pharyngeal lumen,
successful molting of this cuticle is essential for viability
(Singh and Sulston, 1978).
The pharyngeal cuticle is distinct from the body cuticle
and includes several specialized structures extending into
the lumen, including the grinder that crushes ingested
bacteria (Albertson and Thomson, 1976; Seymour et al.,
1983; Wright and Thomson, 1981). The pharyngeal cuticle
also projects into the g1 gland cell duct (Wright and
Thomson, 1981). These cuticular specializations are shed at
each molt and are reassembled with the new pharyngeal
cuticle.
We have previously described the novel DNA-binding
protein PEB-1, which is strongly expressed in all pha-
ryngeal cells except neurons (Thatcher et al., 2001). PEB-1
is also expressed outside the pharynx in the hypodermis,
hindgut, and vulva, although this expression was not
characterized in detail. PEB-1 binds a site in an organ-specific enhancer element from the myo-2 gene, termed
C183, and the PEB-1 binding site overlaps a site for the
FoxA transcription factor PHA-4 (Kalb et al., 1998;
Thatcher et al., 2001). PEB-1 and PHA-4 are co-expressed
in the pharynx and hindgut, suggesting they have common
functions, although we have not observed cooperative
binding or synergistic transcriptional activation by these
factors (Kalb et al., 2002). Reduction of peb-1 function by
RNAi results in slow growth and morphological defects in
the pharyngeal g1 gland cell process, the hindgut, and vulva.
However, peb-1(RNAi) animals express myo-2 and a C183-
regulated reporter. Because the phenotypes produced by
peb-1(RNAi) were only partially penetrant and may not
represent the null phenotype, the role PEB-1 plays in
development is unclear.
Here we examine the PEB-1 expression pattern in the
hypodermis and hindgut, and characterize a peb-1 mutant.
Like in the pharynx, PEB-1 is expressed broadly in the
hypodermis and rectum but is not detected in neuronal
cells or precursors. The most striking common feature of
PEB-1-expressing cells in these tissues and the pharynx is
that they all contact the cuticle. peb-1 mutants display
many of the phenotypes seen in peb-1(RNAi) animals,
including abnormal tail morphology, constipation, and
swollen pharyngeal g1 gland cell processes. Likewise,
pharyngeal expression of myo-2 and a C183-regulated
reporter appears normal. However, peb-1 mutants exhibit
feeding and molting defects that were not observed in
peb-1(RNAi) animals, and they arrest as larvae. Compari-
son of peb-1 mutants to molting-defective lrp-1 mutants
(Yochem et al., 1999) suggests peb-1 is particularly
required to molt the pharyngeal cuticle, and at least some
of the feeding defects may be caused by defective
molting. Finally, we show that peb-1 mutants share a
subset of phenotypes with animals that lose pha-4
function late in embryogenesis, consistent with the
hypothesis that these genes share common functions in
tissues where they are co-expressed.Materials and methods
Nematode handling
C. elegans were maintained under standard conditions
(Lewis and Fleming, 1995). Expression of various gfp
reporters was examined in peb-1(cu9) mutants (Table 1).
Transgenes were crossed from a wild-type background into
unbalanced peb-1(cu9)/+ strains, and GFP expression in
arrested peb-1(cu9) homozygous progeny was compared to
that of wild-type animals bearing the same transgenes. The
pha-4(ts) strain SM190 [smg-1(cc546ts); pha-4 (zu225)]
was kindly provided by J. Gaudet and S. Mango, and
temperature shifts to examine late loss of pha-4 function
were performed as previously described (Gaudet and
Mango, 2002).
Table 1
Transgenes used to in characterizing peb-1(cu9) mutants
Reporter Transgene Reference
lin-48Dgfp saIs14 (Johnson et al., 2001)
kel-1Dgfp cuEx121 (Ohmachi et al., 1999;
Thatcher et al., 2001)
myo-2DgfpDhis2B cuEx273 (Gaudet and Mango, 2002)
ajm-1Dgfp jcIs1 (Koppen et al., 2001;
Mohler et al., 1998)
8xC183Dgfp cuIs2 (Thatcher et al., 1999)
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manipulation
Standard methods were used to manipulate plasmid
DNAs and oligonucleotides (Ausubel, 1990). The plasmid
pOK138.01 for transformation rescue of peb-1(cu9) con-
tains a 7645 bp SalI–SacII fragment from cosmid T14F9
(accession # U50199; bp 6962–14,610) cloned into Blu-
script KS+.
Immunofluorescence and general microscopy
C. elegans were stained with anti-PEB-1 antibodies and
monoclonal antibodies 9.2.1 (kindly provided by David
Miller; Miller et al., 1986) and 3NB12 (kindly provided by
Bruce Bowerman; Okamoto and Thomson, 1985) to detect
pharyngeal muscle antigens as described previously
(Okkema et al., 1997; Thatcher et al., 2001). DAPI (1 Ag/
ml) was included in the 28 antibody to facilitate cell
identification. Preparations were examined using a Zeiss
Axioskop fluorescence microscope or a Zeiss LSM 510
confocal microscope (UIC Research Resources Center).
PEB-1-expressing nuclei were identified by position (Sul-
ston and Horvitz, 1977; Sulston et al., 1983).
Isolation of peb-1(cu9)
The peb-1(cu9) X deletion mutant was isolated using a
PCR screen of DNA from a frozen library of C. elegans
mutagenized with UV-TMP (Liu et al., 1999) using
modifications provided by Michael Koelle (http://info.
med.yale.edu/mbb/koelle/). Nested primer sets used for the
deletion screen were PO322 (TCGGCCACTGATTACTA-
GACAC)/PO323 (GTCGGCATACTCCTTCATCACA) and
PO324 (GTCTTGCGCCGATGTCCAATAG)/PO325
(GCCAGAAGTCAGGCACTGAGAT). The cu9 deletion
was sequenced from the deletion amplicon with primers
PO335 (TCTCCCGAATCCATCAATCC) and PO336
(GATGTTGGATAGGAGTTGGG). Individual animals
were genotyped by single worm duplex PCR as described
previously (Beaster-Jones and Okkema, 2004).
peb-1(cu9) was out-crossed four times to wild type. As
peb-1(cu9)/0 males are unable to mate (data not shown),
peb-1(cu9)/+ hermaphrodites were mated with males bear-
ing an extrachromosomal transgene icEx108[unc-11Dgfp](kindly provided by Aixa Alfonso), and GFP-expressing
cross-progeny hermaphrodites were picked. The balanced
strain OK257 [peb-1(cu9)/dpy-3(e27) + unc-2(e55)] was
constructed by mating peb-1(cu9)/+ hermaphrodites with
tra-2(q276) II; dpy-3(e27) unc-2(e55)/+ X males, and
allowing tra-2(q276) to segregate out of the strain.
peb-1(cu9) phenotypes were rescued in two independ-
ent transgenic lines bearing an extrachromosomal trans-
gene containing the wild-type peb-1 genomic clone
pOK138.01 and the dominant marker pRF4 (injected at
12.5 and 100 Ag/ml, respectively) (Mello and Fire, 1995).
Transmission electron micrographic analysis
Wild-type larvae (1 day post hatching, 208C) or peb-
1(cu9) larvae (3 days post hatching, 208C) were washed in
dH2O, fixed in 4% paraformaldehyde, 2.5% GA (pH 7.4),
0.1 M sodium cacodylate at 48C overnight, and imbedded in
3% Seaprep Ultra-low Melting Agarose. Blocks were
immersed in fixative at 48C, washed in 0.1 M sodium
cacodylate buffer (pH 7.4), and fixed with 2% osmium
tetroxide in 0.1 M sodium cacodylate (pH 7.4) for 2 h. The
samples were washed in 0.1 M sodium cacodylate buffer
(pH 7.4) and dehydrated in an ethanol series (10%, 25%,
50%, 65%, 75%, 95%, and 100%) for 15 min each. Samples
were infiltrated with a 1:1 mixture of ethanol and Spurr’s
resin for 48 h, and changed three times with pure resin over
72 h. The samples were placed in silicon rubber molds and
fresh Spurr’s resin was added, and they were polymerized at
708C, 72 h. Eighty-nanometer sections were cut in a
Reichert Ultracut E ultramicrotome and collected on 200
hex mesh thin bar nickel grids that were parlodion coated
and stabilized with evaporated carbon. Grids were stained
with 5% uranyl acetate in 50% ethanol for 15 min, rinsed
with dH2O, and stained 5 min in Reynolds lead citrate,
rinsed in dH2O, and allowed to dry. Stained grids were
viewed using a JEOL 1200 EX transmission electron
microscope and areas of interest were photographed on
Kodak 4489 film.
Video-microscopic analyses of pharyngeal function in peb-1
mutants
Pharyngeal pumping was observed daily in individual
animals using variations on the technique described in
Avery (1993). Newly hatched L1 larvae segregating from
wild-type (N2) or OK257 [peb-1(cu9)/dpy-3(e27) + unc-
2(e55)] hermaphrodites were mounted for microscopy in a
concentrated E. coli OP50 suspension in M9 buffer (Sulston
and Horvitz, 1977) and observed on a Zeiss Axiovert 100
DIC microscope. Each animal was videotaped daily for 1–3
min at 30 frames s1 using a Javelin JE7862 Hyper HAD
CCD CCTV camera and a Panasonic AG-DV 1000p Digital
Video Recorder. Animals were returned to separate plates
and incubated at 208C between video shoots. The genotypes
of animals segregating from OK257 were inferred by
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representative peb-1(cu9) homozygotes was confirmed by
PCR.
Videotapes were analyzed to characterize pharyngeal
pumping. Pharyngeal pumping rate was calculated from a
15-s segment of rapid pumping. The beginning of a pump
was defined by the onset of backward movement of the
grinder, or, if stuffing hindered grinder movement, by
transient expansion of the posterior bulb lumen. Other
features of pumping were analyzed in a 6-s segment of
suitable tape. The length of procorpus contraction was
measured as the number of frames between (and including)
the frame in which the procorpus could first be visualized
opening and the frame in which the procorpus completely
returned to the closed, resting position. The length of
posterior bulb contraction was defined as the number of
frames between (and including) the frame in which the
grinder could first be visualized moving posteriorly and
the frame in which the grinder completely returned to
the closed, resting position. Occasionally, animals of all
genotypes did not pump, and these animals were not
included in the analyses of pharyngeal pumping for that day.
All pumping rate averages, average lengths of procorpus
contraction, and average lengths of posterior bulb contrac-
tion, as well as the standard deviations of each value, were
calculated using Microsoft Excel software. Comparison of
these averages for each genotype to determine statistical
significance was calculated using the methods and formulas
described by McClave and Dietrich (1979). For comparison
of the lengths of both procorpus and posterior bulb
contractions, a Z test analysis for large sample sizes was
performed using the formula: Z = (average a  average b) 
0/M(r2a/na  r2b/nb). For comparison of average pumping
rates, a t test for small sample sizes was performed by first
calculating a pooled sample variance with the formula: Sp2 =
(na  1)sa2 + (nb  1)sb2/na + nb2. A t test for small sample
sizes was then performed using the formula: t = (average a
average b)  Do /M(Sp2 (1/na  1/nb).Results
PEB-1 protein is expressed in many cells contacting the
C. elegans cuticle
We have previously characterized the PEB-1 expression
pattern in the pharynx, where it is detected from the comma
stage through mid-larval development in all cells, except the
pharyngeal neurons (Thatcher et al., 2001). Here we
describe the PEB-1 expression pattern outside the pharynx
in the hypodermis and hindgut. Like in the pharynx, PEB-1
was first detected in the hypodermal nuclei in comma stage
embryos (approximately 400 min) and remained detectable
until hatching. In 1 1/2-fold stage embryos, we detected the
PEB-1 protein in the nuclei of most, if not all, hypodermal
cells including hyp5, hyp6, and hyp7 and the H, P, and Vcells (Figs. 1A–C). After hatching, PEB-1 remained
detectable in most hypodermal cells although it decreased
in later larvae and was undetectable in adults. In the L1
lateral hypodermis, the PEB-1 protein was detected in H0,
H1, H2, V1–V6, and T, and their anterior and posterior
daughters, as well as in the nuclei of the hyp7 syncytium
(Figs. 1D–F and data not shown). PEB-1 was also detected
in many of the dorsal and ventral hypodermal nuclei in the
head and the ventral hypodermal nuclei in the tail. Notably,
we did not generally detect PEB-1 in larval P cells, which
give rise to neuroblasts and cells of the ventral hypodermis.
One exception to this generalization was P12.p (Fig. 1G),
which eventually divides and fuses with the pre-anal
hypodermis (Alper and Kenyon, 2002; Chamberlin et al.,
1999). In addition, we did not detect PEB-1 in other
neuroblasts including Q and T.p.
PEB-1 was also expressed in cells lining the lumen of
the hindgut. The hindgut consists of 11 cells that form a
series of five rings connecting the intestine to the rectum
(Chamberlin et al., 1999; Sulston et al., 1983), and many
of these cells underlie the cuticle lining the rectum
(Chitwood and Chitwood, 1974). In 1 1/2-fold embryos
(approximately 420 min), PEB-1 was detected in many
nuclei near the posterior of the embryo (Thatcher et al.,
2001). These likely include both the posterior hypodermal
cells and hindgut cells, although these cells cannot be
easily distinguished at this stage. In L1 larvae, PEB-1 was
detected in many of the non-neuronal nuclei surrounding
the rectal lumen, including K, K’, U, F, B, and Y (Figs.
1G–H). We did not detect PEB-1 in the rectal-intestinal
valve or the anal depressor muscle. As in other tissues, the
PEB-1 protein remained detectable in the hindgut through-
out larval development but became progressively less
abundant and undetectable in adults (data not shown).
Importantly, this progressive decrease in PEB-1 expression
also occurs in Y, which withdraws from the hypodermis
during late larval development to become a neuron
(Sulston and Horvitz, 1977). Interestingly, Y is replaced
in the hindgut by P12.pa, a descendant of the only P cell
in which we detected PEB-1 protein expression in L1
larvae.
In summary, PEB-1 accumulated in L1 larvae in the
nuclei of all hypodermal cells and the epithelial cells lining
the rectal lumen. As in the pharynx, PEB-1 was not
detectable in neuroblasts or differentiated neurons. PEB-1-
expressing cells are not obviously related by cell type or
lineage. Rather, one striking common feature of these cells
is that they contact the cuticle on the exterior of the worm or
lining the pharyngeal or rectal lumen.
peb-1 is essential for larval viability
We have previously shown that reduction of peb-1
function by RNAi resulted in slow growth and morpho-
logical defects in many of the tissues in which this gene is
expressed (Thatcher et al., 2001). However, it is not clear
Fig. 1. PEB-1 expression in the hypodermis and hindgut. A wild-type 1 1/2-fold embryo (A–C) and an L1 larva (D–I) stained with antibodies to detect PEB-1
protein (A, D, and G), DAPI (B, E, and H), and merged images (C, F, and I). Anterior is to the left. (A–C) Lateral surface of a 1 1/2-fold embryo captured using
confocal microscopy. At this stage, abundant PEB-1 expression is also observed in the pharynx (Thatcher et al., 2001). (D–F) Lateral surface of an L1 larva
captured using standard fluorescence microscopy. PEB-1-expressing nuclei between the posterior end of the pharynx and the rectum are labeled. These nuclei
were identified by comparing their position to Sulston et al. (1983). (G–I) Central focal plane showing posterior region of an L1 larva. PEB-1-expressing nuclei
in the hindgut, lateral hypodermis, and tail hypodermis are labeled. These nuclei were identified by comparing their position and morphology to Sulston and
Horvitz (1977). Standard names for C. elegans cell nuclei are used (Sy = syncytial hypodermis).
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better understand the role of peb-1, we isolated the deletion
allele peb-1(cu9), which removes promoter sequences and
peb-1 exons 1–3 (Fig. 2; see Materials and methods). PEB-1
activity requires an intact DNA-binding domain (Beaster-
Jones and Okkema, 2004), and this deletion removes
sequences encoding most of this domain. Homozygous
peb-1(cu9) mutants did not detectably stain with polyclonal
anti-PEB-1 antibodies (n = 106), suggesting little or no
PEB-1 protein was produced. peb-1(cu9) lethal and
morphological phenotypes discussed below were rescued
by transformation with a genomic fragment containing only
the peb-1 gene (data not shown; see Materials and methods)
or a peb-1 cDNA expressed using the peb-1 promoter(Beaster-Jones and Okkema, 2004), and vigorously growing
peb-1(cu9) homozygous strains bearing these transgenes
could be maintained. Taken together, these data strongly
suggest peb-1(cu9) is a null allele, and the mutant
phenotypes result from peb-1 loss-of-function.
peb-1(cu9) resulted in recessive larval lethality. Fewer
than 1% of self-progeny of peb-1(cu9)/dpy-3 (e27) unc-
2(e55) hermaphrodites arrested as embryos, while 23.7% of
these animals arrested as larvae (n = 1966). These larvae
were invariably shown to be peb-1(cu9) homozygotes by
PCR. Although peb-1(cu9) homozygotes were morphologi-
cally indistinguishable from wild-type animals at hatching,
they progressively developed defects in PEB-1-expressing
tissues (Table 2), which were similar to but more severe than
Table 2
Phenotypes of peb-1(cu9) mutants
Phenotypea Percentage of peb-1(cu9) mutants
exhibiting phenotype (n)
Stuffed pharynxb 94 (112)
Stuffed or distended gut 78 (112)
Vacuolated gut 95 (63)
Abnormal tail swelling 85 (110)
g1 gland cell process swelling 43 (102)
Molting defectivec 23 (110)
a peb-1(cu9) homozygotes were scored by DIC microscopy after 5 days of
post-embryonic growth at 208C.
b Defined by the presence of E. coli within the pharyngeal lumen.
c Defined as the observance of undegraded body cuticle still attached to the
anterior or posterior end of the animal or the presence of a cuticular plug
within the pharynx.
Fig. 2. Genomic structure of peb-1. A schematic diagram of the peb-1
genomic region and location of the peb-1(cu9) deletion. The sequence is
oriented with peb-1 5V- end to the left and is numbered according to cosmid
T14F4 (GenBank accession number U50199). peb-1 exons are indicated as
gray boxes, and the region encoding the PEB-1 DNA-binding domain is
underlined. peb-1(cu9) is a 1962-bp deletion spanning bp 9574–11,536.
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day 3 post hatching (208C), peb-1(cu9) homozygotes could
be recognized as slow-growing, lethargic animals exhibiting
a pale appearance. In many cases, these animals contained
intact E. coli in their pharyngeal and intestinal lumens and
exhibited abnormal gut vacuoles and hindgut morphology
(compare Figs. 3A and B, and data not shown). In addition,
incompletely shed cuticle was observed in some animals.
These phenotypes became progressively more severe, and
we describe the terminal arrest phenotype at day 5 post
hatching (208C). While wild-type and heterozygous animals
were adults by this point, 97% of peb-1(cu9) mutants
arrested between the L2 and L4 stages (n = 112). These
mutants were small, pale, and lethargic, and sometimes
exhibited a mild Dpy phenotype. Vulvae most closely
resembling an L4 pattern were apparent in 39% of these
animals (n = 100), although most animals arrested before
extensive vulval differentiation. Rare animals arrested as
L1s or reached adulthood (b2%, n = 112). These infrequent
peb-1(cu9) adults had an abnormal gonadal and vulval
morphology, and, although they produced occasional
oocytes and embryos, none of the peb-1(cu9) mutants
produced viable progeny (data not shown).
peb-1(cu9) mutants exhibited severe feeding and defe-
cation defects. Nearly all peb-1(cu9) mutants arrested with a
stuffed pharynx, in which the pharyngeal lumen was
partially or completely blocked with E. coli (Table 2; Fig.
3C). In many animals, the gut cells were highly vacuolated
and the gut lumen was packed with intact E. coli, often
extending the length of the gut (Table 2; Figs. 3B and F).
Intact E. coli were rarely found in the wild-type C. elegans
gut (Figs. 3A and E), suggesting that arresting peb-1(cu9)
mutants were unable to crush ingested E. coli, and that these
E. coli might be proliferating in the gut. When not packed
with bacteria, the gut lumen was often distended, leading to
a starved appearance. Many animals also exhibited swelling
and abundant vesicles in the pharyngeal g1 gland cell
processes and an abnormal swelling posterior to the anus
(Table 2; Figs. 3B and D). Hindgut cells appeared normally
positioned and expressed a lin-48Dgfp reporter similarly to
wild-type animals (data not shown) (Johnson et al., 2001).
Compared to peb-1(RNAi) worms, peb-1(cu9) mutants did
not display frequent vulval abnormalities, and the g1 gland
cell defects were generally less severe. However, most peb-1(cu9) mutants arrest as L2–L4 larvae, while these
phenotypes were most pronounced in L4 and adult peb-
1(RNAi) worms.
peb-1 mutants have molting defects
Unlike peb-1(RNAi) animals, many peb-1(cu9) mutants
also exhibited molting defects. This phenotype was
variable, with some animals completely enclosed within
undegraded cuticle, while others retained cuticle attached to
the pharyngeal or rectal lumen (Table 2; Figs. 4A and 5A).
The pharyngeal, rectal, and vulval lumens often contained
abnormal refractile material visible by DIC microscopy
(Figs. 3B and D, and data not shown), which we believe
was unshed cuticle that in the rectum may contribute to
defecation defects. peb-1(cu9) animals often contained a
double layer or multiple highly infolded layers of electron
dense cuticle lining the pharyngeal lumen (Figs. 4B and C),
whereas wild-type animals contained only a single layer
(Fig. 4D). In some cases, this cuticle blocked the peb-
1(cu9) pharynx completely and prevented ingestion of E.
coli into the gut. Pharyngeal grinder morphology and
movement was often abnormal in peb-1(cu9) mutants
observed by DIC microscopy, and these defects may have
resulted from either undegraded cuticle or E. coli stuffing
the pharyngeal lumen, or from defective resynthesis of the
grinder before molting.
Molting defects have been previously described in
several strains with reduced activity of genes involved in
sterol metabolism or function (Asahina et al., 2000;
Gissendanner and Sluder, 2000; Gissendanner et al., 2004;
Jia et al., 2002; Kostrouchova et al., 1998, 2001; Yochem et
al., 1999). To determine if the peb-1(cu9) mutant phenotype
was similar to that of existing molting defective mutants, we
compared peb-1(cu9) and lrp-1(ku156) mutants. lrp-1
encodes a gp330/megalin-related protein believed to func-
tion in cholesterol uptake (Yochem et al., 1999). Consistent
with the observations of Yochem et al. (1999), lrp-1(ku156)
mutants exhibited phenotypes similar to peb-1(cu9)
mutants, including incomplete molting, accumulation of
Fig. 3. peb-1 mutants arrest with feeding, defecation, and hindgut defects. (A and B) Composite DIC micrographs of wild type (A) and peb-1(cu9) (B) late L2
larvae. The gut lumen, which is empty in wild type and stuffed with E. coli in peb-1(cu9), is indicated. White scale bars represent 100 Am. (C and D) High
magnification DIC micrograph of a peb-1(cu9) mutant pharynx (C) completely stuffed with E. coli (black arrowheads) and hindgut (D). Refractile (ref) or
amorphous (am) in the pharyngeal and rectal lumens, and an abnormal grinder (gr) and the rectum (r) are marked in A–D. (E and F) Transmission electron
micrographs of a longitudinal section through the gut of a wild-type (N2) larva (E) and a 3-day-old peb-1(cu9) mutant (F) (magnification = 5000). Note the
intact E. coli cells in the peb-1 mutant gut. Abnormal vacuoles in the peb-1(cu9) gut (v) and the width of the intestinal lumen are indicated (black bar).
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gut, lethargy, and recessive larval arrest (Table 3). The
molting defect differed between mutants in that the anterior
cuticle was efficiently dislodged from the pharynx in lrp-
1(ku156) (n = 70), whereas it usually remained attached to
the pharyngeal lumen in peb-1(cu9) mutants (Figs. 5A and
C). In addition, we found both peb-1(cu9) and lrp-1(ku156)
exhibited a strongly constipated phenotype (Table 3).
However, in contrast to peb-1(cu9) mutants that accumulate
intact E. coli in the gut, we found lrp-1(ku156) mutants
appeared to accumulate crushed material (Figs. 5B and D).
These differences suggest pharyngeal function is specifi-
cally defective in peb-1(cu9) mutants.
lrp-1(ku156) mutants did not exhibit other phenotypes
found in peb-1(cu9) mutants (Table 3). The stuffed pharynx,
which was nearly always observed in peb-1(cu9), was very
rarely seen in lrp-1(ku156) animals, suggesting lrp-
1(ku156) mutants feed normally despite a molting defect.
Likewise, the abnormal tail morphology and g1 gland cellswelling characteristic of peb-1(cu9) mutants was not
frequently observed in lrp-1(ku156) mutants.
peb-1 function is not required for most cell-type
differentiation in the pharynx
In most cases, pharyngeal morphology and cell-type
differentiation appeared normal in peb-1(cu9) mutants.
Pharyngeal cells appeared normally positioned in EM
sections and in animals expressing an ajm-1Dgfp reporter,
which labels many cell junctions (data not shown) (Koppen
et al., 2001; Mohler et al., 1998). The pharyngeal lumen
retained its triradiate shape with apically located marginal
cells (Albertson and Thomson, 1976), although the lumen
was frequently misshapen when stuffed with E. coli (Fig.
4B). Pharyngeal muscles expressed MYO-2 protein and a
myo-2Dgfp reporter in a normal spatial and temporal
pattern, and these cells stained with the pharyngeal muscle
specific antibody 3NB12 (Figs. 6A–D, data not shown). The
Fig. 4. peb-1 mutants exhibit molting defects. (A) DIC micrograph of a peb-1(cu9) mutant trapped within an incompletely shed cuticle. Arrowheads mark the
cuticle attached to the buccal cavity (top) and the posterior of the worm (bottom). (B–D) Transmission electron micrographs of cross-sections through the peb-
1(cu9) mutant (B) and wild-type (D) pharynges, and a longitudinal section through a peb-1(cu9) pharynx (C). White arrowheads mark the pharyngeal basement
membrane; black arrows mark the electron dense cuticle layers within pharyngeal the lumen. Note the two cuticle layers and E. coli stuffing the lumen in B and
the highly infolded cuticle layers blocking the lumen in C.
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terminally arrested peb-1(cu9) mutants, but we believe this
disorganization to be a result of muscle degradation in these
animals. Likewise, a gfp reporter regulated by the myo-2
enhancer oligonucleotide C183 was also strongly expressed
in peb-1(cu9) (Figs. 6E and F). Thus, PEB-1 does not
appear necessary for pharyngeal muscle differentiation.
In contrast, we did observe phenotypes suggesting
defects in pharyngeal g1 gland cell differentiation or
function. The gland cell bodies are located in the posterior
bulb of the pharynx, and they extend processes anteriorly
that empty into the pharyngeal lumen (Albertson and
Thomson, 1976). As discussed above, we observed swollen
g1 gland cell processes in peb-1(cu9) and peb-1(RNAi)
animals, and the posterior bulb of the pharynx, where the
gland cell bodies are located, often accumulated large
vesicles (data not shown). The g1 cells expressed a kel-Fig. 5. The peb-1(cu9) molting and stuffed gut phenotypes are distinct from th
1(ku156) (C and D) mutants. White arrowheads mark the tip of the buccal cavity
marked in B and D.1Dgfp reporter in the proper spatial pattern (Ohmachi et al.,
1999), indicating gland cell differentiation; however kel-
1Dgfp was often weak compared to wild type (compare
Figs. 6G and H to I and J). These results suggest the g1
gland cells are abnormal in peb-1(cu9) mutants.
peb-1(cu9) animals display progressive defects in
pharyngeal function
While wild-type C. elegans efficiently swallow and
break up ingested E. coli before expelling the debris into the
intestine (Aballay et al., 2000; Avery and Horvitz, 1990;
Seymour et al., 1983), peb-1(cu9) mutants arrest with their
pharynx and intestine abnormally stuffed with intact E. coli.
A similar stuffed pharynx is observed in animals with
defective pharyngeal contractions (Avery, 1993). To deter-
mine if peb-1 feeding defects were caused by abnormalose in lrp-1(ku156). DIC micrographs of peb-1(cu9) (A and B) and lrp-
in A and C. The stuffed gut (g) and refractile material in the rectum (r) are
Table 3
Comparison of peb-1(cu9) and lrp-1(ku156) mutants
peb-1(cu9)a
(n = 21) (%)
lrp-1(ku156)a
(n = 25) (%)
Molting defectiveb 57 96
Refractile material in rectum 24 96
Vacuolated gut 100 100
Stuffed or distended gut 64 80
Stuffed pharynxc 90 0
Abnormal tail swelling 71 4
g1 gland cell process swelling 14 0
a Homozygous mutants were analyzed by DIC microscopy 5 days post-
hatching.
b Defined as the observance of undegraded body cuticle still attached to the
anterior or posterior end of the animal or the presence of a cuticular plug
within the pharynx and the presence of refractile material in the rectum.
c Defined by the presence of intact E. coli anywhere within the pharyngeal
lumen.
Table 4
Pharyngeal pumping in newly hatched animals
peb-1(cu9)a +/+b peb-1(cu9)/+a
Average pumping
rate (pumps/min)
135 F 50
(23)c
164 F 60
(21)c
159 F 60
(21)c
Maximum pumping
rate (pumps/min)
236 312 248
Procorpus contraction
length (ms)
114 F 28
(207)d
114 F 25
(170)d
114 F 27
(268)d
Posterior bulb contraction
length (ms)
232 F 76
(286)d
211 F 40
(262)d
186 F 40
(324)d
a Animals were obtained as F1 segregants from peb-1(cu9)/dpy-3(e27)unc-
2(e55) hermaphrodites.
b Animals were obtained as F1 segregants from N2 hermaphrodites.
c Number of animals examined.
d Number of pumps examined.
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in individual peb-1(cu9) mutants, as well as heterozygous
and wild-type animals, on a daily basis from hatching to day
5 posthatching using video microscopy (see Materials and
methods). Pharyngeal pumping has been previously
described in detail (Avery and Horvitz, 1987, 1989).
Pharyngeal pumping in newly hatched peb-1(cu9)
homozygotes appeared normal in most respects (Table 4).
Pharyngeal contractions were vigorous, and contractions of
the procorpus and terminal bulb were synchronized.Fig. 6. Pharyngeal gene expression in peb-1(cu9). (A–H) Fluorescence (A, C, E,
with the MYO-2 antibody 9.2.1 (A and B) or expressing myo-2Dgfp (C and
Fluorescence (I) and DIC (J) micrographs of a wild-type larva expressing kel-1Dgf
to G. Nuclei in GFP-expressing pharyngeal muscles are labeled in C, and a swolHowever, the average pumping rates were 18% slower in
peb-1(cu9) homozygotes than in heterozygous or wild-type
siblings (90% confidence; t = 1.441 and t = 1.745,
respectively). This reduced rate was similar to that observed
in feeding-defective animals, including eat-20 mutants and
animals lacking M2, M3, or NSM pharyngeal neurons
(Raizen et al., 1995; Shibata et al., 2000). Despite this subtle
defect, pharyngeal function in newly hatched mutants was
adequate for feeding, because intact E. coli did not
accumulate in the pharyngeal or intestinal lumen in these
animals.and G) and DIC (B, D, F, and H) micrographs of peb-1(cu9) larvae stained
D), a C183-regulated gfp (E and F), or kel-1Dgfp (G and H). (I and J)
p. Note the stronger GFP in the g1 gland cell bodies (arrows) in I compared
len g1 gland cell process is marked with arrowheads in G and H.
Table 5
Pharyngeal function progressively declines in peb-1(cu9)
Daya Average pumping rate
(pumps/min) (n)
Maximum pumping rate
(pumps/min)
1 135 F 50 (23) 236
2 134 F 73 (9) 248
3 107 F 62 (9) 232
4 76 F 44 (14) 196
5 80 F 40 (10) 176
6 45 F 18 (6) 76
n = number of peb-1(cu9) animals observed pumping. Some animals did
not pump during the period of observation.
a Day post-hatching at 208C.
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1(cu9) mutants. While the rate and duration of pharyngeal
contractions in wild-type and peb-1(cu9)/+ animals
remained relatively constant through development, the
pharyngeal pumping vigor and rate decreased significantly
in peb-1(cu9) homozygotes, and a variety of abnormal
contractions were observed (Table 5 and data not shown).
Importantly, even in animals with infrequent contractions,
the procorpus and terminal bulb contractions remained
synchronized, suggesting that electrical coupling of pharyn-
geal contraction remains intact. This decrease in pharyngeal
function paralleled the molting defects and pharyngeal
stuffing of peb-1(cu9) mutants, and indeed severe stuffing
was often associated with a nearly complete loss of
contractions.Fig. 7. Late loss of pha-4 results in phenotypes similar to peb-1(cu9). (A–C) DIC
with intact E. coli are marked in A and B. Refractile material (ref) and an abnormal
genotypes stained with PEB-1 antibodies. Anterior is to the left, and the region oLate loss of pha-4 function resembles peb-1(cu9)
pha-4 null mutants fail to form a pharyngeal primordium
and arrest as embryos lacking nearly all pharyngeal cell
differentiation (Mango et al., 1994). However, if pha-4
function is lost after formation of the pharynx, using a
temperature sensitive allele combination, the animals hatch
but arrest as small, pale larvae with a stuffed pharynx
(Gaudet and Mango, 2002). This phenotype is similar to
what we have observed in peb-1(cu9) mutants. To determine
if late loss of pha-4 function resulted in other phenotypes
found in peb-1(cu9), we shifted pha-4(ts) animals from
permissive to nonpermissive temperatures during embryo-
genesis and compared their phenotypes to peb-1(cu9)
animals grown in parallel (see Materials and methods).
We found pha-4(ts) animals do, indeed, display pheno-
types very similar to peb-1(cu9) animals. As described
previously, these animals appeared small and pale, and
arrested with E. coli stuffed in the pharyngeal lumen (Fig.
7A; Table 6) (Gaudet and Mango, 2002). In addition, many
pha-4(ts) larvae grown under nonpermissive conditions
arrested with their gut lumen distended or packed with intact
E. coli and with abnormally shaped tails characteristic of
peb-1(cu9), whereas pha-4(ts) larvae continuously grown
under permissive conditions rarely exhibited these pheno-
types (Figs. 7B and C; Table 6). Many pha-4(ts) animals
also exhibited swollen pharyngeal g1 gland cells, vacuolated
guts, and refractile material in their rectum (Table 6; Fig.
7C; data not shown). While this refractile material suggestsmicrographs of pha-4(ts) animals. The pharynx (ph) and gut lumens stuffed
tail morphology (arrow) are indicated in C. (D–F) Embryos of the indicated
f the developing pharynx is indicated by an asterisk.
Table 6
Comparison of peb-1(cu9) and pha-4(ts) mutants
peb-1(cu9)a (n) (%) pha-4(ts)a (n) (nonpermissive) (%) pha-4(ts)b (n)
(permissive) (%)
Day 3 (50) Day 6 (25) Day 3 (40) Day 6 (19) Day 4 (47)
Stuffed pharynxc 70 96 65 58 4
Abnormal tail swelling 36 48 28 47 0
Stuffed or distended gut 20 28 42 47 4
g1 gland cell process swelling 34 36 28 42 10
Molting defectsd 20 12 2 0 2
a Embryos were allowed to develop at 258C [the permissive temperature for smg-1(cc546ts); pha-4(zu225)] for 5 h before transfer to 168C. Larvae were
examined after either 3 or 6 days at 168C.
b smg-1(cc546ts); pha-4(zu225) animals were continuously maintained at 258C for 4 days. Animals developed to stages comparable to those shifted to 168C
for 6 days.
c Defined by the presence of intact E. coli anywhere within the pharyngeal lumen.
d Defined as the observance of undegraded body cuticle still attached to the anterior or posterior end of the animal or the presence of a cuticular plug within the
pharynx. n: number of animals scored by DIC microscopy.
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animals exhibited obvious defects shedding the body cuticle
(Table 6). Thus, pha-4(ts) mutants are most similar to peb-
1(cu9) in tissues where these genes are co-expressed, such
as the pharynx and hindgut.
pha-4 activity is necessary for PEB-1 expression. PEB-1
was undetectable in the pharynx of arrested pha-4 mutant
embryos (Figs. 7D and E). The peb-1 gene and promoter
region contain 19 predicted PHA-4 binding sites, and two of
these sites in the first intron have been implicated in peb-1
expression (Gaudet and Mango, 2002). However, ectopic
pha-4 expression did not detectably activate PEB-1 expres-
sion (data not shown). Thus, pha-4 activity is required for
peb-1 expression, although it is not sufficient to activate
peb-1. In comparison, PEB-1 was detected in a normal
pattern in other mutants affecting pharyngeal development,
including ceh-22(cc8266) and pha-1(e2123ts) (Fig. 7F; data
not shown) (Okkema et al., 1997; Schnabel and Schnabel,
1990).Discussion
peb-1 is required for efficient molting
PEB-1 is expressed in cells underlying the cuticle
throughout the body, and a prominent defect in peb-1
mutants is an inability to effectively molt. The molting
defect in peb-1 mutants appears to result from inability to
degrade and shed old cuticle, rather than defective synthesis
of new cuticle or separation of cuticle layers before molting.
Indeed, the L1 larval cuticle produced during embryo-
genesis appears normal in peb-1 mutants, and separated
layers of unshed cuticle can be seen in the pharyngeal lumen
by TEM. However, we cannot exclude defects in cuticle
synthesis in larval stages, as specific cuticle components are
expressed at different times in development (Cox et al.,
1981, 1989; Johnstone, 2000; Politz and Edgar, 1984). The
mild Dpy phenotype sometimes seen in peb-1 mutantsmight suggest defects in cuticle synthesis (reviewed in
Johnstone, 2000; Kramer, 1997).
In comparison to lrp-1 mutants, peb-1 mutants are
specifically defective in shedding the pharyngeal cuticle.
This process is believed to depend on pharyngeal muscle
contractions and gland cell secretions (Singh and Sulston,
1978), and, as pharyngeal muscle contractions are in most
respects normal in L1 peb-1 mutants, the molting defect
likely results from reduced gland cell function. Pharyngeal
gland cell morphology and gene expression is abnormal in
peb-1 mutants, and these abnormalities may be caused
directly by defects in gland cell development, or indirectly
by undegraded cuticle blocking the gland cell connections to
the pharyngeal lumen. We cannot distinguish between these
alternatives, but we prefer the former as swollen gland cell
processes were observed in peb-1(RNAi) animals, whereas
the molting defect was not apparent (Thatcher et al., 2001).
Pharyngeal g1 gland cell secretion and muscle contractions
are also believed to clear the pharyngeal lumen during
embryogenesis and aid in hatching (Hall and Hedgecock,
1991; Singh and Sulston, 1978; Sulston et al., 1983). These
embryonic functions may be distinct from molting func-
tions, as we have not observed embryonic defects in peb-1
mutants.
Molting defects may be the primary cause of peb-1
mutant arrest, and most other peb-1 mutant phenotypes
might be secondary effects. Undegraded cuticle partially or
completely blocking the pharyngeal lumen or the rectum
could cause the stuffed pharynx and constipated pheno-
types, respectively, and ultimately lead to starvation.
Likewise, cuticle in the pharyngeal lumen might interfere
with function or synthesis of the pharyngeal grinder
preventing efficient mastication of ingested bacteria (Lab-
rousse et al., 2000). In addition, undegraded cuticle in the
pharyngeal lumen could block access or secretion of
proteins involved in feeding or digestion, such as the novel
cell surface protein EAT-20, the secreted leucine amino-
peptidase LAP-1, or the antibacterial factors ABF-1 and
ABF-2 (Joshua, 2001; Kato et al., 2002; Shibata et al.,
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some conditions (Garsin et al., 2001), the combined effect of
inefficient mastication and inhibition of antibacterial pep-
tides could result in proliferating E. coli contributing to the
severely packed peb-1 mutant gut.
peb-1 mutants exhibit defects in hindgut development
Although many of the peb-1 mutant phenotypes result
from molting defects, the abnormal tail morphology likely
arises directly from defects in hindgut development.
Abnormal tail morphology was also frequently seen in
peb-1(RNAi) animals, even though molting defects were not
observed (Thatcher et al., 2001), whereas this defect was
infrequent in molting-defective lrp-1 mutants. Swollen tails
are also not apparent in constipated mutants or animals with
pathogenic infections in the gut (Aballay and Ausubel,
2002; Thomas, 1990), suggesting that this phenotype is not
an indirect effect of constipation or infection in peb-1
mutants.
Similar abnormalities in hermaphrodite tail morpholo-
gy have been described in several C. elegans mutants.
Like peb-1, two of these affected genes, lin-49 and lin-
59, are expressed broadly in development and their loss-
of function results in defects in additional tissues
(Chamberlin and Thomas, 2000; Chamberlin et al.,
1999). lin-49 and lin-59 encode products similar to
Drosophila Trithorax group proteins and other proteins
involved in chromatin remodeling, and they are believed
to play facilitative rather than essential roles in regulating
expression of a variety of genes. Thus abnormal tail
morphology may be a sensitive indicator of a general
misregulation of gene expression.
Interestingly, the peb-1 mutant tail morphology is similar
to the Dar phenotype (deformed anal region) induced in
wild-type C. elegans by the bacterial pathogen M. nem-
atophilum, which colonize the tail and rectal lumen
(Hodgkin et al., 2000). M. nematophilum do not penetrate
the cuticle, suggesting that they signal to affect the under-
lying tissue. Perhaps PEB-1 normally functions as a
negative regulator of the response induced by M. nemato-
philum in hindgut cells. Alternatively, the defects in the peb-
1 mutant cuticle may inappropriately induce the Dar
phenotype in the absence of M. nematophilum.
peb-1(cu9) mutants resemble animals with late loss of pha-4
function
Activity of the FoxA transcription factor PHA-4 is
required both early and late in embryonic development
(Gaudet and Mango, 2002). We have found that peb-1
mutants share several phenotypes with animals that lose
pha-4 function late in embryogenesis, including stuffed
pharynges, swollen gland cell processes, and swollen tails.
In comparison, peb-1 mutants exhibited a more severe
defect in the ability to shed the body cuticle than pha-4mutants. These phenotypes suggest that peb-1 and pha-4
have related functions in the pharynx and rectum where
they are co-expressed, but that peb-1 has pha-4-independ-
ent functions, perhaps in the hypodermis.
However, the functional relationship between peb-1 and
pha-4 remains unclear. Although PEB-1 and PHA-4 bind
overlapping sites in the myo-2 enhancer, we have not
observed cooperative DNA binding of these factors in vitro
or synergistic activation of the myo-2 enhancer in vivo
(Kalb et al., 2002). Indeed, PEB-1 can interfere with both
PHA-4 DNA binding and transcriptional activation. In
addition, because pha-4 is necessary for peb-1 expression,
the common phenotypes in peb-1 and pha-4 mutants might
be due in part to loss of peb-1 expression.
peb-1 is not generally required for pharyngeal cell
differentiation
PEB-1 protein is first detected in the pharynx at the
comma stage of embryogenesis, when all pharyngeal
precursors are present but before these cells undergo
terminal differentiation, and its binding site is necessary
for full function of the C183 myo-2 enhancer (Thatcher
et al., 2001). These observations led to a hypothesis that
PEB-1 functions to regulate pharyngeal gene expression
during embryonic development. However, our analyses
show cell-type differentiation is generally normal in peb-1
mutants, and in fact, myo-2 expression and C183 enhancer
activity is normal in these animals. The only gene for which
we have observed altered expression is kel-1Dgfp, which is
expressed weakly in peb-1 mutants. kel-1 encodes a Kelch-
related protein expressed in g1 gland cells that is essential
for normal feeding and viability (Ohmachi et al., 1999). The
gland cells are abnormal in both peb-1(cu9) and peb-
1(RNAi) animals, and decreased kel-1Dgfp expression
suggests either that peb-1 activates kel-1 expression, or that
gland cell abnormalities indirectly result in loss of kel-
1Dgfp. kel-1 contains several consensus PEB-1 binding
sites (Beaster-Jones and Okkema, 2004) but the function of
these sites has not been examined.
What is the molecular function of peb-1?
We do not fully understand the molecular function of
PEB-1. PEB-1 is a nuclear localized DNA binding protein
recognizing a site in an enhancer element from the myo-2
gene. However, neither ectopic expression studies nor loss-
of-function studies reveal a role for PEB-1 as an essential
activator or repressor of myo-2 expression (Kalb et al.,
2002; Thatcher et al., 2001) (this work). Nonetheless,
consensus PEB-1 binding sites are widely distributed in
the genome, and DNA-binding activity is essential for PEB-
1 function, suggesting PEB-1 has a broad function in the
nucleus (Beaster-Jones and Okkema, 2004).
peb-1 loss-of-function results in pleiotropic phenotypes
that share similarities with those produced by defects in
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1(cu9) molting defects are similar to those produced by
defects in nuclear hormone receptor function and in genes
involved in sterol metabolism believed to produce ligands
for these receptors (Asahina et al., 2000; Gissendanner and
Sluder, 2000; Gissendanner et al., 2004; Jia et al., 2002;
Kostrouchova et al., 1998, 2001; Kuervers et al., 2003;
Yochem et al., 1999). Likewise, the stuffed pharynx and
hindgut swelling in peb-1(cu9) mutants is similar to defects
observed upon late loss of pha-4 function. Therefore, PEB-1
may function in a variety of transcriptional programs.
The PEB-1 DNA-binding domain contains a Cys- and
His-rich FLYWCH motif, which is essential for PEB-1
DNA binding and function (Beaster-Jones and Okkema,
2004; Thatcher et al., 2001). The FLYWCH motif was
first identified in several isoforms of the Drosophila
Mod(mdg4) protein (Buchner et al., 2000; Dorn and
Krauss, 2003). Mod(mdg4) proteins are involved in
chromatin boundary or insulator function (Georgiev and
Kozycina, 1996; Gerasimova et al., 1995), and may
promote euchromatin or inhibit heterochromatin formation
(Dorn et al., 1993). Perhaps PEB-1 plays a similar role in
C. elegans, functioning in a general mechanism to maintain
stable patterns of gene expression initiated by different
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